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Abstract

:

This paper presents a proposal of a modular robot with origami structure. The proposal is based on a self-scalable and modular link made of soft parts. The kinematics of a single link and several links interconnected is studied and validated. Besides, the link has been prototyped, identified, and controlled in position. The experimental data show that the system meets the scalability requirements and that its response is totally reliable and robust.
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1. Introduction


In this paper we propose the design and construction of a modular robot composed by several links which are reconfigurable in shape and size in order to generate different adaptable configurations of the robotic platform. The primary characteristics for this design are the scalability and modularity of the robot. Two designs will be proposed:




	
A single link capable of changing its size individually (self-scalable) is the first proposed design option. This link could be connected to other links with similar features, this way achieving the modularity property.



	
A modular design with several interconnected links is the second design approach, which will improve the scalability of the system and its motion range. This kind of configuration has been studied by several authors since 1988, like CEBOT [1] or CMU RMMS [2].








A Modular Robotic System (MRS) can be defined as link arrays joined together to form a modular structure [3]. MRSs have four interdependent components: Module, Information, Task, and Environment (MITE). MITE allows for the extraction of the characteristics of the MRS, the module properties being the most special features, as other MRS components are transversal to every kind of robot. The module component includes two useful properties for the design of an MRS, these are: class and architecture. The class refers to the different ways in which modularity can be achieved, such as fixed-configuration, manually-reconfigurable [2,4], self-reconfigurable [5,6], and self-replicable [7]. On the other hand, architecture is the hardware categories of configuration: Chain [4,5], Lattice [6,8,9], Mobile [10,11,12], Hybrid [13,14], Truss [15,16,17], and Free form [18,19].



Many MRSs change their shape and size through nesting between each module; however, in this case study our goal is to allow the resizing of each module before its connection. This configuration is not often used in the literature. For instance, the closest example is ShapeBots, which is an individual shape-changing link [20] but with no modularity capabilities. A reference work closer to our approach is the Extendable Arm by Matsuo et al. [21], where modular links are connected and each one is scalable. Compared to our approach, the orientation of this platform is limited and its operation is manual. Thanks to the introduction of a three degrees of freedom (DoF) joint connecting each link, our design allows a wider orientation range of the modular robot. Besides, the platform performs automatically thanks to the use of a control system, which avoids the manual operation of the robot and improves its usability.



The initial idea about a flexible structure deforming by sections led us to origami-type constructions. Origami is an ancient technique for paper folding [22], which provides deployable structures that can be reconfigured and change in size and shape. Reconfigurable 3D structures, obtained from a rigid geometric 2D pattern, are booming in designs for engineering applications such as the solar panel surfaces proposed by Miura [23], the modular origami continuous manipulator by Santoso et al. [24], which supports a 1 kg mass at its tip, a gripper with multiple grasp modes [25], and other applications such as biomechanical [26], space [27], or soft robotics [28]. The wide number and type of applications of these designs has motivated us to research this topic and present a different approach in the terms described next.



Our design proposal consists of a modular robot that uses an origami-inspired link-based resizing mechanism. The links can be assembled using a rigid connector or a 3 DoF joint as proposed below. In this study we use the Kresling pattern for the origami structure of the basic link. This pattern is formed by the folding of a thin-walled cylinder when subject to twist buckling under a torsional load. It is characterized by alternating mountain and valley folds angled along the direction of the twist [29,30].



Figure 1a represents an n faces polygon Kresling pattern in planar state, which forms a polyhedral cylinder when assembled. The triangulated polyhedron geometry is resolved by    L  A B   = a  ,    L  B C   = a · s i n  ( α )  / s i n  ( β )   ,    L  A C   = a · s i n  ( α + β )  / s i n β   at the planar state, where a,  α , and  β  are constant values. The angles  α  and  β  are the main design criteria to create the cylinder, because the strength of the structure depends on them. Zhai et al. suggest that, for small angles around   30 ∘  , the structure is easy to deploy and easy to collapse, and for greater angles around   50 ∘  , the structure is hard to deploy and hard to collapse [31]. For large angles, the structure is stronger and able to support loads. To obtain a symmetric structure we consider   a = r = 30   mm; therefore,   n = 2 π   according to Hunt [32], where   a = 2 π r / n   and   β = π / n  . The angle  α  has been obtained from the geometric resolution proposed by Jianguo et al. [33]. Here h is considered to be known,   α = a s i n ( d / a )   and d can be obtained by   a h = d ( d · c o t  ( β )  +    a 2  −  d 2    )  . Consequently, our prototype has been designed with   a = 30   mm,   h = 34.25   mm,   β =  30 ∘    and   α =  38 ∘   , thus a flexible deformable link is created, and the unitary ABC triangle angle is >   90 ∘    to achieve continuous strain at each member tension or compression in the deployed and collapsed states.



The folded cylinder link state generates a twist angle  θ  with radius r while height h is compressed (Figure 1b). This bistable behavior is due to the change of the lines length during folding (Equation (1)).


     l  A B      = 2 r s i n ( π / n )       l  B C      =    h 2  − 2  r 2  c o s θ + 2  r 2          l  A C      =    h 2  − 2  r 2  c o s  ( 2 π / n + θ )  + 2  r 2        



(1)






  r =   a 2   s i n (  π n  )    



(2)






  θ =   2 π  n  − 2 a s i n     l  B C   c o s δ   2 r     



(3)






  h =  l  B C   · s i n  ( δ )   



(4)







The height value h changes during folding and this change is related to  δ  angle change, given by Equation (4), as illustrated in Figure 1c. The variable height and bistability allow the self-scaling of the simple link.



The main contributions of this work with respect to the state of the art are the following:




	
Design and prototyping of a self-scalable link as a proof of concept. While being inspired by the origami technique, the final prototype integrates both rigid and soft materials in its structure, instead of paper. This novel approach is a real contribution to the state of the art.



	
Design of a complete modular robot with interconnected scalable links. A linkage joint is proposed that allows modularity for three DOF configurations, enabling a wider range of applications.



	
The final prototype is a 3D printed low cost solution that allows for the validation of the scalability in an autonomous way through the design and implementation of a control system. The control problem of these robotic structures is not generally faced in the majority of the works dealing with these designs, this being another important contribution of this paper. In addition, solutions to common control problems like motor’s dead zones or saturation are addressed in this work.









2. Soft Origami-Based Design


An important design parameter of the link is the number of polyhedron faces [34], as they can limit the movement when folding if they are very close, like the case of four faces. To generate a symmetrical model, we decided to build a six face polyhedron as shown in Figure 2 representing every state of folding, from collapse (Figure 2a) to deployment (Figure 2d).



A structure having several Kresling layers (for example five) is able to generate a cylinder composed by the same number of sections. The versatility of this design allows each section to be compressed or extended independently, so the five-section cylinder can have a variety of possible lengths, where the maximum height is the extended height of all sections. This cylinder model meets the scalability parameter by its bending property and the number of sections mentioned above. Now, the challenge is to make the cylinder reconfigurable. To achieve this, a number of cylinders have been joined together. Each cylinder is renamed as link, regardless of its number of sections, and one layer will be renamed as single link. The link connection represents a greater challenge, because it requires a mechanism at each end of the link, as shown in Figure 3a, where the input IN and output OUT unions of the link are shown in blue and orange, respectively. This allows the link to know which end has been placed in the next link.



The joint between links is very wide, and ideally should rotate along the three axes   X Y Z   and allow mobility in the angles yaw  ψ , pitch  ρ  and roll  ϕ  (Figure 3b). The ideal joints will enable as many links to be joined as required. The links should always be joined in an orderly sequence, so that there is an IN joint at the beginning of the chain and an OUT joint at the end. Using this pattern, each link has corresponding position within the chain, with the first link acting as the main or master link.



The ideal case with three rotation axes allows the kinematic chain to move either in a plane or in the three dimensional space. If the yaw angle  ψ  is rotated in a plane, a snake-like movement will be obtained, while the rotation of roll angle  ϕ  through space can be assimilated to the behavior of a finger or an arm, according to the number and length of the connected links, as shown in Figure 3c.



Link Prototype


Our aim was to build a prototype to validate the idea of modular and scalable links, designing a paperless origami model. With this purpose, all the parts were modeled using CAD design applications and made using 3D printing technologies. Figure 4 illustrates the basic parts to generate the triangular polyhedron for a cylinder with six faces   ( n = 6 )  . The base with constant length a is shown in Figure 4a. The   l  A C    (Figure 4b) was designed as a variable length piston with spherical bearings at its ends for mobility. Finally, the length   l  B C    is a soft material spring that can be warped with spherical bearings as well (Figure 4c). Values   l  B C    and a have been deemed constant, following Jianguo et al.’s suggestion [33], and   l  A C    is the only variable. In this case   l  B C    =   L  B C   . This design allows for operation while keeping constant values, but at the same time, its flexibility enables the free movement of the link. Design dimensions are   a = 35   mm,   α =  38 ∘   ,   β =  30 ∘   ,   r =  30 ∘    and planar state lengths    L  A C   = 64.90   mm,    L  B C   = 43.09   mm. The piston length   l  A C    decreases when the structure deploys and its size increases during the collapse.



Figure 5 illustrates the single link prototype, which represents an assembly of the components shown in Figure 4. In addition, connecting couplings and pins were required to keep the link assembled but still able to move. The triangles were assembled according to the design in Figure 1, where   l  A C    is folded inside the link, and   l  B C    is outside. Therefore, the bistable movement from the deployed to the collapsed state generates a clockwise rotation of the angle  θ .



Several single links can be nested between them to obtain a cylinder with multiple sections. The union of two   (  h 2  )   is shown in Figure 6a, whereas a cylinder with three sections   (  h 3  )   is shown in Figure 6b. Each of these groupings constitutes an independent link, which is capable of modifying its length by varying the h value in each section, in an adjustable way. As discussed before, another option providing a relative 3   D o F   link movement is the two-part ball socket. This configuration features two ball joints connected through a fixed union, attached to both links. The spherical bearing allows free rotation between the axes. However, for the construction and operation of this coupling, a more complex design is required.



Figure 6c illustrates the union of two links through the spherical joint, where both bodies are aligned with each other in a starting position, with each body consisting of a single link and fully deployed. On the other hand, in Figure 6d the chain of cylinders is horizontal and shows a slight rotation in the roll angle. The double spherical bearing represents the IN joint and OUT joint, respectively, as described in Figure 3b.



Finally, the prototype components were built in a 3D printer and assembled. The hexagonal bases (length a), the couplings, and the pistons   (  l  A C   )   were made of Polylactic Acid (PLA) plastic material. The bar   l  B C    was manufactured with a flexible material (NinjaFlex) from the manufacturer NinjaTek, to allow short displacements and keep the structure stable. Metric (M2) screws and 2 mm nuts were used for the final assemble of the prototype.



Figure 7 shows the bistate of the single link prototype assembly. The completely unfolded polyhedron is shown in Figure 7a. In this state the   l  A C    pistons are compressed and the   l  B C    soft links are extended. The final position of the deployment depends on   l  A C   , as mentioned before, and   l  B C    is adapted to that length.



In addition, the nested links were assembled to validate the design, as shown in Figure 8. The changing link size feature has been checked; each single link is able to fold and deploy in a two-sections link according to Figure 8a,b. The spherical joint shown in Figure 8c allows the union and the rotation of two single links while keeping the bistable operation.





3. Cable-Driven Prototype


The prototypes presented in the last section validate the design of this proposal; however, the bistable behavior is binary. The link has two possible positions, completely collapsed and completely deployed. Therefore, the change of size does not have intermediate steps. Our proposal aims to obtain a self-scaling simple link with a continuous change of the size. For this purpose, a spring and a cable-driven mechanism have been included in the link. The final movement of each cylinder is composed by 2   D o F  : displacement in   z ( h )   and rotation in  θ . Using three tendons and only one motor provides both movements if attached correctly. The internal spring is needed because of the structure of the link, that is not capable of maintaining an intermediate position and will fold without an external agent providing an extension force. Figure 9 illustrates the simple link prototype with an internal spring and a cable-drive with three tendons. Between the top of the single link and the top of spring, a bearing has been installed, which allows a free spring rotation movement when  θ  changes during collapse and deployment.



The cable-drive is actuated by a DC motor with a 210:1 gear and no load speed of   75 ( R P M )  . It also features an encoder composed by two hall effect sensors displaced   90 ∘   between each other and a wheel with seven switching magnets. Therefore, one motor rotation corresponds to 28 quadrature pulses. As the gear ratio is 210:1, a   360 ∘   turn in the gear part corresponds to 5880 counts of the encoder. That makes the resolution of the encoder on the outside part   0 .  06 ∘   .



The spring elastic constant has been obtained experimentally. Masses between   0 ( g r )   and   400 ( g r )   have been placed in the upper base of the spring and the deformation lengths corresponding to the compression have been registered in Table 1, from which the elastic constant has been approximated to a straight line   F = K · x  .



A simple linear regression has been applied to the collected data shown in Figure 10, from which the polynomial in Equation (5) is obtained, where the slope corresponds to the value of the constant K.


  F ( x ) = − 70.9522 x + 9.5803  



(5)






  K = − 70.9522 [ N / m ]  



(6)







The prototype is expected to validate self-scaling in an autonomous and controlled manner. Given that the considered prototype physical definition is complex and consists of several subsystems, starting from the actuator used for the robot positioning and followed by the complete link, a system identification was performed in order to obtain the plant model.



The origami link is divided into two physical systems, the link itself, and the DC motor driving the mechanism. Given the link geometry described in the previous sections, we can neglect its effects in the final behavior and model the plant based on the DC motor only. Due to the lack of information from the motor provider, the DC motor model was obtained using recursive least squares (RLS) identification to the input-output captured data.



3.1. Motor System Identification


The model considered for identification is the DC motor (and gear) used in the pull mechanism of the robot. Identification data was captured using different input steps of   [ 1 , 2 , 3 , 4 , 5 ]   Volts corresponding to throttle input values of   [ 200 , 400 , 600 , 800 , 1023 ]  . A small gain variation was observed for the different input values, resulting in several transfer functions. In order to use a single model, the average will be considered. The time responses of the identification results and the average transfer function considered are shown in Figure 11 including the identification captured data.



Observe how the maximum possible velocity is close to 6 rad/s, meaning a saturation of the system velocity for inputs of this value and higher. In addition, given the low cost approach of the design, the motor open loop response is noisy and shows dead zones. Therefore, a velocity feedback is proposed to obtain a linear behavior in the motor side.




3.2. Controller Design


The average transfer function found through RLS identification is shown in Equation (7). This is the low level plant model used for the low level velocity control loop.


   G v    ( s )   m o t o r   =   0.09991   s + 19.11    



(7)







The proposed control scheme is shown in Figure 12. It consists of a feedback loop having a controller with reference in Velocity (rad/s) and output in the same units. As the motor model considered is the one discussed above, the control signal is the motor throttle (0–1023), with a saturation in 1023.



Given the plant gain variability detected, a robust control is proposed to cope with that plant parameter uncertainty. The controller tuning method proposed is the iso-m described in [35], which includes the robustness conditions in the tuning algorithm. Similar to many fractional order controller tuning methods, the desired performance specifications are based on the phase margin and crossover frequency features of the open loop frequency response. These are related to closed loop features such as bandwidth frequency and resonant peak height, which in turn are related to transient time response properties such as overshoot and peak time. Table 2 shows a summary of the most common constraints used in the frequency domain and time domain to define performance specification.



It is a common practice to define the system performance by means of the open loop frequency variables (see [36]). In similar works like [37,38], the usual control specifications are crossover frequency (  ω  g c   ) and phase margin (  ϕ m  ). As stated, the first is related to the system responsiveness (peak time) and the second to stability (overshoot). Equations (8) and (9) formulate these specifications, respectively:


   | C   ( j  ω  g c   )  G  ( j  ω  g c   )    |   d B   = 0  dB ,  



(8)






  arg  ( C  ( j  ω  g c   )  G  ( j  ω  g c   )  )  = − π +  ϕ m  ,  



(9)




where   C ( j  ω  g c   )   is the controller frequency response at   ω  g c   ,   G ( j  ω  g c   )   is the plant frequency response at   ω  g c   , and   ϕ m   is the desired open loop phase margin for the controlled system.



Once the gain crossover frequency   ω  g c    and the phase margin   ϕ m   are set, following the steps described in [35] will provide a solution for the controller parameters using the iso-m method.



Given the method’s flexibility, both fractional and integer order controllers can be used, allowing a comparison between their results.



The integer order controller is defined by


  I O P I ( s ) = k p + k i / s ,  



(10)




kp and ki being the proportional and integral controller gains, while the fractional order controller is defined by


  F O P I  ( s )  = k p + k a /  s α  ,  



(11)




where kp and ka are the proportional and integral controller gains and  α  the fractional order of the integral operator.



Note that the number of parameters available for tuning while using the IOPI integer controller Equation (10) is not enough to fulfill the three specifications. This restricts the possible tuning inputs in that case, requiring a decision between overshoot (  ϕ m  ) or responsiveness (  ω  g c   ). Then, the remaining specification will be given by the system characteristics and the chosen specification. A controlled overshoot is important to assure a good upper level control loop behavior; therefore, it will be defined using a phase margin of    ϕ m  = 80   deg for the tuning of both controllers.



In the IOPI case, this fully defines the controller using the iso-m method. Using the algorithm described in [35], the tuning parameters obtained were   k p = 163.9   and   k i = 4462.3  . The responsiveness depends on the other values, resulting    ω  g c   = 20   rad/s in this case. Figure 13 shows the frequency open loop response and the expected closed loop time response for different plant gains using the integer order controller.



In the case of the FOPI controller, the two specifications described above can be used for controller tuning. The fractional order operator improved flexibility allows us to double the responsiveness while keeping the same robustness compared to the previous results. Therefore,    ϕ m  = 80   and    ω  g c   = 40   rad/s can be used to specify the closed loop behavior. Using the algorithm described in [35], the tuning parameters obtained were   α = − 0.9100  ,   K p = 323.9  ,   K a = 7388.5  . Figure 14 shows the frequency open loop response and the expected closed loop time response for different plant gains.



The resulting plant in closed loop is a velocity reference input, real plant velocity output system described by Equation (12). Both measured and reference value units are rad/s. Therefore, the output obtained from the actuator is also expressed in rad/s with a maximum possible value of   5.5   rad/s.


   F v    ( s )   m o t o r   =   16.38 s + 445.8    s 2  + 35.49 s + 445.8    



(12)







Using an integrator on    F v   ( s )   , the resulting plant    G p   ( s )  =  F v   ( s )  / s   is the velocity input, position output system with 1 rad/s crossover frequency.



Using this plant model, a high level position loop was designed. Given the convenient low level system response, we can design our servo-system using a feedback loop with a simple proportional controller. The designed position closed loop is shown in Figure 15.



The expected time response of a controller with a gain of 10 (Kp = 10) is also shown in Figure 15. This control scheme defines the position output of the motor shaft from an input reference (in (rad) units).




3.3. Whole System Behavior


Using the actuator described, an input step was performed in the robot. Given the results of the model simulation compared to the real response obtained, we can say that both systems are similar, concluding that the spring and the origami shape are not changing the behavior of the actuator plant. Therefore, we can find a model based on the feedback loop proposed resulting in a transfer function as follows:


   G p    ( s )   o r i g a m i   =   163.8 s + 4458    s 3  + 35.49  s 2  + 609.6 s + 4458    



(13)







In order to validate the model, a step input of   0.5   rad (saturation will happen in the motor for higher targets) was fed into the system, resulting in the time response shown in Figure 16. The open loop frequency response of the whole system model is also shown in the figure, with a phase margin of   P m = 65.4   deg at a gain crossover frequency    ω c  = 9.62   rad/s.





4. Results


A Matlab simulation scheme has been created to validate the kinematics for both simple and nested links with two and three sections. The main parameters a,  α  and  β  were used to compute the origami behavior while the height h was the input data to fold or deploy the origami. Taking Equation (4) into account, the maximum height is when   δ = 90   and the structure is completely deployed. This position is not achieved in the prototype because the spring force does not generate enough rotation for the links to change position at a positive  θ  angle and reach   δ = 90  .



Figure 17 shows the kinematics simulation for a single link with different heights. The change of the rotation angle  θ  can be seen while the origami is deploying. The simulation results are shown in Table 3.



The nested link has been simulated, too. In this case the total link height is the sum of each single link. To achieve a certain height position, we can actuate each individual link or all at once. Figure 18 shows three different configurations: completely deployed link, only one section folding, and three sections folding. The data results from this simulation are shown in Table 4.



Single Link Cable-Driven Prototype Experimental Results


Position control tests have been carried out with both the integer and the fractional controllers adjusted. The tests were made according to encoder data in   r a d  ; however, the origami linear displacement is easy to obtain knowing that the motor coupling radius is   7.5   (mm) and the encoder resolution is 5580 counts per turn. The linear displacement corresponds to the origami folding, and height h and rotation angle  θ  can be indirectly calculated.



Two tests have been designed. The first consists of giving the system individual targets in position: 0.5, 1.0, 1.5, 2.0 and 2.2   ( r a d )  . The physical behavior of the system can be seen in Figure 19, where the initial reference of the upper part of the origami and the union of the three tendons to visualize the displacement has been marked with a red dashed line.



The data results obtained are shown in Figure 20. The saturation of the system is evident in the higher set points, showing an overshoot in the response of the system. The control signals of the internal loop in speed and the external loop in position are shown in Figure 21.



Table 5 shows the experimental kinematic data, which have been calculated indirectly according to the experimental position changes in the first test. For this purpose, the initial position of the prototype with angle   θ = 0.0514   (rad) and initial height   h = 39.44   (mm) has been considered, resulting in a maximum   δ =  85.64 (deg). The position data were measured for all targets once the system reached its permanent state, at time   t =  4 s.



A simulation was performed with the obtained  δ  data in order to make a comparison between experimental and simulation data in terms of height h and angle  θ . The resulting errors are shown in Table 5. The difference between the real measured and simulated values is clearly the value of   l  B C   , since in the measured value   l  B C r e a l    = 39.56 (mm) and in the simulated value   l  B C s i m    = 43.09 (mm). This difference is due to the fact that in the assembled prototype the link representing   l  B C    is slightly compressed to maintain the desired position of the structure.



The second test consists in giving the system sequential targets between 0.5 and 2.5 rad with steps of 0.5 rad. The results are shown in Figure 22, where the real position data is in red. Here we can see an expected behavior for the designed controllers. The overshoot in each step is lower than in the first test because the sequential targets are lower than the individual ones.



On the other hand, when the loop is restarted and the position must change from 2.5 to 0.5 rad, the system behavior is the opposite, that is, it must change from folding to deploying. In that case, the position reaches the target with an initial overshoot but quickly stabilizes. In this way, the efficiency and robustness of the control system have been validated.



The video of the performance of this test can be visualized in the following link: https://cutt.ly/rjW0Obi, available since 14 January 2021.



To verify the robustness of both the control and the structure, the steps were tested with different payloads between 100 and 400 g, as shown in Figure 23.



The results obtained allow for the determination of the behavior of the integer and fractional controllers (Figure 24), where the most relevant behavior is shown in the return zone from 2.5 (rad) to 0.5 (rad).



In the case of the integer controller (Figure 24a), the lower peak position reaches   − 0.54   (rad) with a stabilization time of   0.63   (s) and a maximum overshoot of   16 %  , while in the case of the fractional controller (Figure 24b), the minimum position is   − 0.44   (rad); it has no overshoot and the stabilization time is   0.43   (s). Therefore, it can be concluded that the fractional controller is not only robust but also faster than the integer controller.



The control signals for both controllers are shown in Figure 25.



It is interesting to mention that in this last test the loads were placed in a distributed way so that the center of mass does not change. In case the loads were placed off-center or unbalanced, the dynamics of the system would change because an additional DoF would be generated, allowing the upper base of the platform to tilt in the direction of the weight. For these scenarios more than one actuator would be required in order to compensate this tilt movement (and other actuators could be included to generate other different DoF). This is an interesting topic to be developed in future works.





5. Conclusions


A design proposal has been presented for a scalable and modular link, inspired by origami structures. The validation of the kinematics for both single and nested links has been successfully carried out. In the case of the nested link, the change in length of the link can be done by completely folding one of the single links or by doing a proportional folding on each single link.



A simple link prototype has been built and experimentally tested to validate its scalability and shape change. The model with three tendons actuated by a motor allows the folding of the origami structure while an internal spring generates the unfolding.



Compared to other platforms such as [21], which are manually controlled, in our study we included system modeling and controller tuning for automatic operation in position control of the prototype.



The single link prototype has been successfully controlled in position mode. The position control has been done with two control loops for the correct operation of the motor. The internal loop allows for the elimination of the dead zones of the motor with a velocity control and with the external loop the origami position is controlled. The internal loop has been designed and tested with two controllers, integer and fractional, where the single link has been tested for correct operation with and without payload.



The identification of the whole system was carried out considering these two control loops; otherwise, the direct identification of the system would have resulted in a nonlinear system, due to the saturation and the dead zone of the motor.



It is also important to remark that the rotational movement of the Kresling pattern can be seen as an advantage that allows the orientation of the platform. However, the rotation can be canceled by coupling two simple links with opposite rotation, if only a prismatic displacement is required.



Some of the main limitations of the system are due to the fact that it is a very low cost 3D printed prototype that needs the adjustment of the mechanical parts and the use of a better motor. However, despite these limitations, the prototype works properly and the design has been validated.



Future works include the improvement of the mechanical and actuation parts of the link and the introduction of distance and rotation sensors to enhance the position accuracy h and rotation angle  θ , which are now obtained indirectly. Besides, the development of the three-dimensional joint to interconnect several links is one of our major objectives, which will allow us to implement and test modularity.
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Figure 1. Origamipolyhedron Kresling pattern. (a) 2D Kresling pattern. (b) Folded cylinder link state. (c) Biestable behavior. 
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Figure 2. Cylinder polyhedron origami with one section (  h 1  ) and six faces (  n = 6  ). (a) Top view collapsed state. (b–d) Folding state. 
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Figure 3. Connection of links. (a) Five-sections link with joints. (b) Joint between links. (c) Joined and reconfigurable links. 
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Figure 4. Components of the triangulated polyhedron prototype. (a) Constant base a. (b) Length   l  A C   , greater displacement. (c) Length   l  B C   , minor displacement. 
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Figure 5. Single link CAD prototype. (a) Collapsed state. (b) Folding state. (c) Deployed state. 
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Figure 6. Nested links CAD prototype. (a) two-sections link. (b) three-sections link. (c) Two single links with a joint. (d) Two single links with a joint rotated. 






Figure 6. Nested links CAD prototype. (a) two-sections link. (b) three-sections link. (c) Two single links with a joint. (d) Two single links with a joint rotated.



[image: Mathematics 09 01324 g006]







[image: Mathematics 09 01324 g007 550] 





Figure 7. Single link first prototype. (a) Deployed single link prototype. (b) The single link is in collapsed state, and the height has changed. The   l  A C    pistons are extended and   l  B C    is slightly compressed. (c) Top view of the deployed prototype. (d) Top view of the collapsed prototype; the condition of the pistons and  θ  rotation are clearly shown. 
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Figure 8. Assembled nested links prototype. (a) Two-sections link collapsed. (b) Two-sections link deployed. (c) Two single links with a joint. (d) Two single links with a joint, vertically rotated and one of them extended. (e) Two single links with a joint, horizontally rotated and collapsed. 
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Figure 9. Cable-driven single link prototype. 
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Figure 10. Linear regression to obtain the spring elastic constant K from experimental data. 
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Figure 11. Motor system identification. Different systems identified depending on the inputs (a) and average system time response (b) compared to the captured data. 
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Figure 12. Motor velocity control system. 
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Figure 13. Open loop Bode diagram (a) and closed loop time response (b) for the integer order (IOPI) controller. 
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Figure 14. Open loop Bode diagram (a) and closed loop time response (b) for the fractional order (FOPI) controller. 
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Figure 15. Motor position control system. Motor position control system. (a) Control system diagram. (b) Step response. 
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Figure 16. Origami system identification. Step response in closed loop (a); Bode diagram in open loop (b). 
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Figure 17. Origami Kresling single link kinematics vadidation, with parameters   α =  38 ∘   ,   β =  30 ∘    and   a = 30   mm. (a) Collapsed state. (b) Deploying state. (c) Deployed state. 






Figure 17. Origami Kresling single link kinematics vadidation, with parameters   α =  38 ∘   ,   β =  30 ∘    and   a = 30   mm. (a) Collapsed state. (b) Deploying state. (c) Deployed state.



[image: Mathematics 09 01324 g017]







[image: Mathematics 09 01324 g018 550] 





Figure 18. Three-sections link kinematics validation, with parameters   α =  38 ∘   ,   β =  30 ∘    and   a = 30   mm. (a) Completely deployed link. (b) Only one section folding. (c) Three sections folding. 
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Figure 19. Prototype test results with different target position. 
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Figure 20. Test results with different target positions. (a) Integer controller. (b) Fractional controller. 
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Figure 21. Control signals. (a) Position loop control signals with integer controller. (b) Position loop control signals with fractional controller. (c) Velocity loop control signals with Integer controller. (d) Velocity loop control signals with fractional controller. 
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Figure 22. Test results with sequential target positions. (a) Integer controller. (b) Fractional controller. 
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Figure 23. Prototype test results with different payloads in 2.5 (rad) position. 
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Figure 24. Prototype test results with different payloads. (a) Integer controller. (b) Fractional controller. 
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Figure 25. Control signals test results with different payloads. (a) Position loop control signals with integer controller. (b) Position loop control signals with fractional controller. (c) Velocity loop control signals with Integer controller. (d) Velocity loop control signals with fractional controller. 
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Table 1. Experimental data from spring compression.
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	x (m)
	M (kg)





	0.13
	0



	0.128
	0.1



	0.105
	0.2



	0.092
	0.3



	0.082
	0.4
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Table 2. Equivalence between frequency specifications and time response.
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Physical

	
Effect

	
Closed Loop

	
Open Loop




	
Meaning

	
Defined

	
Specification

	
Specification






	
Damping ratio

	
Overshoot

	
Resonant peak   d B  

	
Phase margin




	
Response speed

	
Peak time

	
Bandwidth

	
Crossover frequency
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Table 3. Data from single link kinematics simulation.
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	h (mm)
	  δ   (deg)
	  θ   (deg)





	Collapsed state
	0
	0
	−13.32



	Deploying state
	30
	54.3
	−12.27



	Deployed state
	36.93
	90
	1.04
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Table 4. Three-sections link kinematics simulation data.
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	   h 1    (mm)
	   h 2    (mm)
	   h 3    (mm)
	   h  t o t a l     (mm)





	Completely deployed link
	36.93
	36.93
	36.93
	110.8



	Only one section folding
	36.93
	20.55
	36.93
	94.43



	Three sections folding
	31.73
	25.55
	30
	87.29
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Table 5. Experimental kinematic data indirectly computed.
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Real

	
Simulation

	
Error






	
Position (rad)

	
h (mm)

	
 δ  (deg)

	
 θ  (deg)

	
h (mm)

	
 θ  (deg)

	
h (mm)

	
 θ  (deg)




	
0.5

	
35.69

	
64.46

	
−12.11

	
38.88

	
−12.28

	
3.18

	
−0.1635




	
1

	
31.94

	
53.85

	
−12.72

	
34.79

	
−12.89

	
2.84

	
−0.1637




	
1.5

	
28.19

	
45.45

	
−13.06

	
30.71

	
−13.23

	
2.51

	
−0.1660




	
2

	
24.44

	
38.16

	
−13.28

	
26.64

	
−13.45

	
2.19

	
−0.1634




	
2.2

	
22.94

	
35.45

	
−13.35

	
24.99

	
−13.52

	
2.04

	
−0.1642
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